The mucosa of the gastrointestinal tract is a critical interface for the host, its food and the gut-associated microbial ecosystem. The immune system maintains the integrity of the gut mucosa through multiple mechanisms that concurrently provide protection from potentially harmful microbes and induce tolerance to nutrients, commensals and self antigens [1] [2] [3] [4] . A key protective factor is interleukin 22 (IL-22), which acts on mucosal epithelial cells, inducing their survival, proliferation and secretion of antimicrobial peptides 5, 6 . The protective role of IL-22 is evident in mice deficient in IL-22 via genetic targeting, which are highly susceptible to gastrointestinal infection by the pathogen Citrobacter rodentium 7 .
Initial studies demonstrated that IL-22 is a product of CD4 + cells of the T H 17 subset of helper T cells, well known for their ability to secrete IL-17, which is critical for defense against extracellular pathogens and fungi 8 . However, subsequent studies have shown that a population of non-T and non-B lymphocytes specializes in the secretion of large amounts of . These innate lymphoid cells (ILCs), often called 'ILC22 cells' (ref. 10) , have been found in all lymphoid tissues located in the lamina propria of the intestinal mucosa, including cryptopatches, isolated lymphoid follicles (ILFs) and lymphoid follicles organized into Peyer's patches. IL-22 is secreted in response to the inflammatory cytokine IL-23, which is produced by intestinal dendritic cells and macrophages when they encounter microbial products that cross the epithelial barrier.
ILC22 cells include several subsets with distinct phenotypic markers that reflect functional and/or developmental heterogeneity 10 . In the mouse, one subset expresses the natural killer (NK) cell marker NKp46 but very little or none of the prototypic NK cell marker NK1.1. We call this subset 'NKp46 + ILCs' here. Another subset resembles lymphoid tissue-inducer (LTi) cells, which promote prenatal organogenesis of lymphoid organs 11 . We call these cells 'LTi-like ILCs' here; they include CD4 + and CD4 -subsets 9, 12, 13 . The lamina propria of the large intestine contains yet another population of ILCs distinguished by expression of stem cell antigen-1 and Thy-1 and production of . The development of ILC subsets requires the transcription factor RORgt 10, 14, 15 , as well as cytokine signals and transcription factors that have been linked to the development of other lymphocyte populations, such as IL-7, the common g-chain of cytokine receptors, and Id2 (refs. 10,16,17) .
Published evidence suggests that environmental factors have a role in the development of ILC22 cells. NKp46 + ILCs are not found in some germ-free mice, which indicates that intestinal microbiota may contribute to their generation 16, 18 . Furthermore, human NKp46 + ILCs and mouse LTi-like ILCs express the transcription factor aryl hydrocarbon receptor (AHR) 13, 19 . AHR is a cytosolic sensor of xenobiotics such as polycyclic aromatic compounds and the structurally related pollutant TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) [20] [21] [22] [23] [24] . Situated in the cytoplasm in an inactive complex, AHR translocates into the development of NKp46 + ILCs. LTi-like ILCs, cryptopatches and ILFs, which were severely affected by the loss of AHR, were less impaired in the absence of Notch signaling, which possibly suggested compensation by alternative signaling pathways. Our results establish AHR as a critical transcription factor for the development of ILCs and postnatal intestinal lymphoid tissues. Moreover, our data show heterogeneity of ILC subsets in their developmental requirement for Notch signaling and their effect on the generation of intestinal lymphoid tissues.
RESULTS
Innate IL-22 production in the gut mucosa requires AHR We initially investigated the effect of AHR on innate, cytokine-driven production of IL-22. We isolated cells from the lamina propria of the small intestine (siLP), Peyer's patches and mesenteric lymph nodes (MLNs) of Ahr -/-and wild-type mice, stimulated them in vitro with IL-23 and measured IL-22 released into the culture supernatants. Cells from the siLP and Peyer's patches of wild-type mice produced large amounts of IL-22, but cells from the siLP of Ahr -/-mice released almost no IL-22; moreover, cells from Ahr -/-Peyer's patches released approximately half as much IL-22 as did cells from wild-type Peyer's patches (Fig. 1a) . Cells isolated from MLNs produced minimal amounts of IL-22 whether isolated from Ahr -/-or wild-type mice. Thus, AHR was essential for IL-22-production in response to IL-23 in the siLP and, in part, in Peyer's patches.
Consistent with the known role for IL-22 in the early host response to gastrointestinal bacterial infection, Ahr -/-mice infected with C. rodentium rapidly succumbed to infection, with 100% mortality within 2 weeks (Fig. 1b) . Histological analysis on day 6 after infection showed that the colons of infected Ahr -/-mice had more inflammatory nucleus after ligand binding and recognizes promoters containing specific enhancer sequences called 'xenobiotic-responsive elements' , which induces new transcription of many target genes. These genes encode xenobiotic-metabolizing enzymes, including the cytochrome p450 superfamily members CYP1A1, CYP1A2 and CYP1B1.
In addition to binding to xenobiotics, AHR binds endogenous ligands, including metabolites of tryptophan and arachidonic acid, as well as dietary compounds, such as natural flavonoids and indole-3-carbinol derivatives [20] [21] [22] [23] [24] [25] [26] . The considerable developmental defects in AHR-deficient (Ahr -/-) mice indicate that AHR is an important link between endogenous and/or exogenous aromatic compounds and normal development. Published studies have shown that in the immune system, AHR participates in the differentiation of regulatory T cells, including Foxp3 + T cells [27] [28] [29] [30] and IL-10-producing T regulatory type 1 cells 31 . In addition, AHR enhances the production of IL-17A and IL-17F by T H 17 cells 27, 32, 33 , contributes to the development of T H 17 cells 34 and intraepithelial intestinal gdT cells 25 and is required for the ability of T H 17 cells to produce 32) .
The observation that AHR is expressed by human NKp46 + ILCs 19 and mouse LTi-like ILCs 13 prompted us to investigate the effect of AHR deficiency on the function and differentiation of ILC22 cells. Here we found that Ahr -/-mice had a considerable defect in ILC22 cells that resulted in less secretion of IL-22 and inadequate protection against bacterial intestinal infection. Notably, Ahr -/-mice also lacked cryptopatches and ILFs, which develop postnatally, but not Peyer's patches, which are 'imprinted' during embryogenesis; this demonstrated a role for ILC22 cells in the generation of diffuse postnatal intestinal lymphoid tissues. Mechanistically, we found that AHR acted in part by inducing the receptor Notch, which was required for the propria and found higher AHR expression in NKp46 + ILCs than in conventional NK cells (Supplementary Fig. 2 ). We next assessed the effect of AHR deficiency on NKp46 + ILCs. We isolated cells from the siLP, Peyer's patches and MLNs of wildtype and Ahr -/-mice, stimulated them with IL-23 and measured the intracellular content of IL-22 in the CD3 -NKp46 + population. IL-22 was evident in CD3 -NKp46 + cells from the siLP and Peyer's patches of wild-type mice; however, the CD3 -NKp46 + population contained considerably fewer or no IL-22-producing cells in the siLP or Peyer's patches of Ahr -/-mice (Fig. 2a,b) . As we did not detect any IL-22 in CD3 + T cells in response to IL-23 (data not shown), the IL-23-responsive AHR-dependent production of IL-22 was mostly restricted to intestinal ILC22 cells.
To determine whether AHR deficiency affected the function or the differentiation of NKp46 + ILCs, we assessed the frequency of NKp46 + ILCs versus that of conventional NK cells in the CD3 -NKp46 + population from Ahr -/-and wild-type mice. Unexpectedly, we found an almost complete absence of NKp46 + ILCs in the siLP and considerably fewer such cells in the Peyer's patches of Ahr -/-mice (Fig. 2c,d ). In contrast, conventional NK cells were equally represented in Ahr -/-mice and their wild-type littermates. NKp46 + ILCs have also been distinguished from conventional NK cells on the basis of their 'preferential' expression of the a-chain of the IL-7 receptor (CD127) 16 . By that phenotypic criterion, we confirmed Ahr -/-mice had many fewer CD3 -NKp46 + CD127 + cells than did wild-type control mice (Fig. 2e,f) . Thus, lack of AHR resulted in an absence of NKp46 + ILCs in the siLP and many fewer such cells in the Peyer's patches.
AHR deficiency impairs LTi-like ILCs, cryptopatches and ILFs
As mouse LTi-like ILCs have been shown to have high expression of AHR 13 , we next sought to determine whether the defect cellular infiltration, mucosal hyperplasia and epithelial erosion than did colons from their infected wild-type littermates ( Fig. 1c-e) . Moreover, Ahr -/-mice did not contain C. rodentium infection in the gut, verified by bacterial translocation and replication in the spleens of Ahr -/-mice that was not evident in the spleens of wild-type mice (Fig. 1f) . The data demonstrated that AHR deficiency caused a defect in IL-23-driven production of IL-22 in the gut that facilitated infection and the translocation of pathogenic bacteria. It is noteworthy that the relatively rapid death of Ahr -/-mice after bacterial infection was similar to that observed for Il22 -/-mice and mice treated with neutralizing antibodies to IL-22 within the first week of infection 7 . In contrast, mice deficient in the recombinase component RAG-2, which lack adaptive sources of IL-22, survive until approximately 30 d after infection 7, 19 . Thus, the susceptibility of Ahr -/-mice to infection with C. rodentium observed here most probably reflected a prominent deficit of the ILC22 response, whereas a defective T H 17 response may have only a secondary role.
AHR-deficient mice lack intestinal NKp46 + ILCs As IL-22 production in response to IL-23 is a feature of various ILC subsets, we investigated the effect of AHR deficiency on individual ILC subsets. Although human NKp46 + ILCs express AHR 19 , it was not known whether this is also the case for their mouse counterpart. We first confirmed that we were able to identify NKp46 + ILCs as CD3 -NKp46 + NK1.1 lo-neg RORgt + cells, whereas conventional NK cells corresponded to CD3 -NKp46 + NK1.1 + RORgt -cells 16, 18, 19, 35 ( Supplementary Fig. 1 ). Notably, we found that NKp46 + ILCs were particularly abundant in locations near the intestinal lumen, such as mucosal lamina propria and Peyer's patches, but were undetectable in the MLNs. Next we measured by RT-PCR the AHR expression of NKp46 + ILCs and conventional NK cells sorted from intestinal lamina immunohistochemical analysis of the large intestines of Ahr -/-mice showed an absence of colonic cryptopatches ( Supplementary Fig. 4 ), whereas cecal patches were preserved. Thus, AHR deficiency seemed to affect the diffuse postnatally 'imprinted' lymphoid tissues throughout the intestine, whereas the aggregated embryonically 'imprinted' lymphoid follicles were relatively unaffected.
Cell-autonomous defect in Ahr -/-ILCs As AHR has broad expression in cells of both nonhematopoietic and hematopoietic lineages, we sought to determine whether the impairment of ILC22 cells observed in Ahr -/-mice was cell autonomous, as suggested by the high AHR expression in NKp46 + ILCs and LTi-like ILCs, or if it was cell extrinsic. First, analysis of lamina propria and Peyer's patches showed no substantial differences in the CD8 + T cell and CD4 + T cell subsets of Ahr -/-or wild-type mice (Fig. 4a) . CD11c + populations positive for major histocompatibility complex class II were also intact in Ahr -/-mice (Fig. 4b) . Ahr -/-mice had slightly but nonsignificantly fewer B cells; Foxp3 + CD4 + regulatory T cells were also conserved (Supplementary Fig. 5 ). Ahr -/-mice had fewer intraepithelial gd T cells (but not lamina propria gd T cells), as has been reported 25 (Fig. 3a) . Intracellular staining confirmed that the siLP of Ahr -/-mice had substantially fewer CD4 + LTi-like ILCs that produced IL-22 (Fig. 3b) . In contrast, there were no differences between Ahr -/-and wild-type control mice in their Peyer's patch CD4 + LTi-like populations. AHR deficiency also affected the presence of CD4 -CD127 + RORgt + LTi-like ILCs in the siLP, as Ahr -/-mice had a much lower frequency of these cells (Supplementary Fig. 3 ). We concluded that AHR was required for the presence of NKp46 + ILCs and both CD4 + and CD4 -LTi-like ILCs in the siLP.
RORgt + LTi cells are essential for the support of lymphoid organogenesis 11, 15 . Because Ahr -/-mice had many fewer LTi-like ILCs in the siLP, we hypothesized that AHR deficiency may have selectively affected lymphoid tissues at this site. Immunohistochemical analysis of the small intestines from Ahr -/-and wild-type mice demonstrated a notable lack of both cryptopatches and mature ILFs in the lamina propria of Ahr -/-mice ( Fig. 3c-h) . Cryptopatches, which we visualized as clusters of CD90 + and c-Kit + cells in the intestinal crypts of wildtype mice, were completely absent from the small intestines of Ahr -/-mice (Fig. 3i) , as were the CD11c + and B220 + cell clusters associated with ILFs. In contrast, Peyer's patches were substantially conserved and similar in Ahr -/-and wild-type mice, although we did observe fewer domes in each Peyer's patch in Ahr -/-mice (Fig. 3j,k) . These data demonstrated that AHR deficiency caused a selective defect in the formation of cryptopatches and ILFs in the small intestine lamina propria but did not affect the Peyer's patches much. Notably, 
Normal content of intestinal ILCs in germ-free mice
As published studies have indicated that the development of ILC22 cells requires the presence of intestinal microbiota 16, 18 , we hypothesized that the flora may be needed for the generation of food catabolites, which act as ligands for AHR and induce the development of ILC22 cells. However, we found that NKp46 + ILCs were intact in germ-free mice, and we noted no obvious difference in the frequency of these cells in the siLP from mice housed in a germ-free facility versus that from mice housed in a conventional barrier facility (Supplementary Fig. 7) . That result has been confirmed by a published study also reporting NKp46 + ILCs in germ-free mice 36 . Therefore, we surmised that the AHR ligands that drove the differentiation of ILCs did not require the enzymatic activities of the intestinal microbiota. AHR ligands that promote the generation of ILC22 cells may include dietary compounds, such as those found in cruciferous vegetables reported to drive the expansion of other AHR + T cell subsets 20, 25 . However, our analysis of mice fed synthetic diets that apparently lacked vegetable products did not demonstrate a significant impairment in intestinal ILC22 cells (P < 0.06; Supplementary  Fig. 8 ). Although generating a diet and/or environmental conditions completely devoid of potential AHR ligands may be difficult, it is possible that endogenous AHR ligands, such as the tryptophan catabolite kynurenine 26 , drive the differentiation of ILC22 cells.
Intestinal NKp46 + ILCs require Notch signaling AHR has been shown to induce the transcription of many target genes, some of which could encode molecules involved in lymphoid-cell had fewer NKp46 + ILCs in the lamina propria (Fig. 4c) , which suggested a major effect of hematopoietic AHR on ILC development. To examine the effect of AHR deficiency in a competitive environment, we also generated mixed-bone marrow chimeras; for this, we reconstituted lethally irradiated wild-type mice with a 50/50 mixture of CD45.2 + Ahr -/-bone marrow and CD45.1 + wild-type bone marrow. Again, Ahr -/-bone marrow cells failed to reconstitute NKp46 + ILCs, whereas wild-type bone marrow were able to reconstitute them (Fig. 4d) . Moreover, reconstituted NKp46 + ILCs from wild-type bone marrow produced IL-22 in response to IL-23. All bone marrow-chimera experiments showed normal and even distribution of reconstitution in the spleen (Supplementary Fig. 6a ). CD3 + and CD19 + lymphocytes in the siLP also showed even distribution and reconstitution in the bone marrow chimeras (Supplementary Fig. 6b) . We observed that Ahr -/-cells colonized cryptopatches and ILFs after transfer of mixed bone marrow; however, and more importantly, the LTi-like cells in the cryptopatches or ILFs were largely of wild-type origin (Supplementary Fig. 6c) . Thus, the data suggested that the generation of ILC22 cells in the intestinal lamina propria required AHR expression in the hematopoietic compartment.
To further substantiate the finding that the developmental defect was specifically due to lack of AHR expression in NKp46 + ILCs and LTi-like ILCs, we used mice with conditional deletion of AHR in RORgt-expressing cells. We crossed mice with loxP-flanked alleles of Ahr with mice with transgenic expression of RORgt linked to Cre recombinase to generate control mice (with no deletion of AHR) and mice with conditional deletion of AHR in RORgt-expressing cells. Similar to the phenotype of Ahr -/-mice, mice with a specific deletion of AHR in RORgt-expressing cells had a severe defect in NKp46 + ILCs and CD4 + LTi-like ILCs (Fig. 4e,f) . This result, together with the high expression of AHR in NKp46 + ILCs and the lack of major developmental defects of lamina propria gd T cells, dendritic cells 21, 22, 37 . To narrow the AHR target genes of potential interest, we compared known lists of AHR target genes with genes selectively transcribed in human AHR hi NKp46 + ILCs but not in AHR lo conventional NK cells. Among a few AHR target genes selectively expressed in AHR hi NKp46 + ILCs, we found IL1R1, which encodes the receptor for IL-1 (IL-1R) 19 ; CYP24A1, which encodes a member of the cytochrome p450 superfamily of enzymes; NOTCH1; and HES1, which encodes a basic helix-loop-helix repressor induced by Notch signaling (Supplementary Fig. 9 ). IL-1R was a likely candidate, as IL-1b has been shown to promote the proliferation of NKp46 + ILCs, at least in vitro 38 . However, we found no obvious differences between wild-type and Il1r1 -/-siLP or Peyer's patches in their CD3 -CD19 -NKp46 + NK1.1 -population (Fig. 5a,b) . Moreover, mice lacking SIGIRR, a cell surface receptor that acts as an intracellular decoy for IL-1b signaling, had no apparent greater abundance of NKp46 + ILCs (Supplementary Fig. 10 ), despite having exaggerated IL-1 signaling. However, Notch1 and Notch2 have several xenobiotic-responsive elements in their promoters and are induced by treatment with TCDD 22, 37, 39 . Moreover, Notch2 is expressed in c-Kit + LTi-like ILCs of cryptopatches 40 . Therefore, we investigated whether AHR supported the presence of NKp46 + ILCs and/or LTilike ILCs in the intestinal lamina propria through the induction of Notch receptors. We observed that administration of the AHR ligand TCDD by gavage induced the expression of Notch1 and Notch2 transcripts in the liver and in the gut in an AHR-dependent way (Fig. 5c,d) . Moreover, overexpression of a constitutively active form of AHR in a NK cell line induced upregulation of Notch2 (Fig. 5e) , which confirmed the regulation of Notch by AHR. We next analyzed intestinal ILCs in mice that selectively lack expression of RBP-J k in the hematopoietic compartment. RBP-J k is a DNA-binding protein that associates with the intracellular regions of all Notch isoforms and mediates the transcriptional output of Notch signaling. Notably, analysis of intestinal ILCs showed that these mice had a considerably lower frequency of NKp46 + ILCs in the lamina propria, but not in Peyer's patches, similar to results obtained with Ahr -/-mice (Fig. 6a-c and Supplementary Fig. 11 ), whereas conventional NK cells were intact (data not shown). Although the developmental defect in NKp46 + ILCs was substantial, the lower frequency of CD4 + LTi-like ILCs was less evident although statistically significant (Fig. 6d,e) . The partial preservation of CD4 + LTi-like ILCs was paralleled by conservation of ILFs and cryptopatches (Fig. 6f,g ). These results suggest that AHR sustains NKp46 + and, in part, LTi-like ILCs through activation of the Notch pathway. were preserved in mice with selective absence of RBP-J k expression in the hematopoietic compartment, as were CD4 + LTi-like ILCs. Thus, LTi-like ILCs may be sufficient to maintain cryptopatches and ILFs in the small intestine, perhaps through AHR-driven IL-22, which has been shown to maintain colonic cryptopatches and ILFs after bacterial infection through an as-yet-unknown mechanism 42 . These results establish Notch signaling as a crucial pathway downstream of AHR in the generation of NKp46 + ILCs. As we evaluated mice lacking Notch signaling in all hematopoietic cells, it remains unclear whether Notch is required in mature NKp46 + ILCs or in their progenitors. Notch signaling may be essential for the survival of mature NKp46 + ILCs, consistent with the demonstration that Notch promotes the survival of IL-17-producing gd T cells 43 . It may also facilitate the generation of NKp46 + ILCs from progenitors and the expression of chemokine receptors that promote their migration to the lamina propria. In support of that possibility, it has been shown that Notch promotes the differentiation of T H 17 cells 44, 45 , as well as the development of adult but not fetal RORgt + ILCs 46 . Finally, one study has shown that Notch signaling may also induce as-yetunknown endogenous AHR ligands, which suggests a possible AHRNotch-AHR feed-forward loop 47 .
Whether NKp46 + ILCs are the progeny of LTi-like ILCs or a closely related cell lineage has been matter of debate 10, 12, 48 . Although our data cannot resolve this debate, it is clear from our study that both cell types contributed to IL-22 secretion but had different functions in lymphoid organogenesis in the gut. The lack of both LTi-like ILCs and NKp46 + ILCs in Ahr -/-mice led to considerable impairment of cryptopatches and ILFs, whereas 'preferential' loss of NKp46 + ILCs had only a limited effect on intestinal lymphoid tissues. Thus, LTi-like ILCs seemed to have a predominant role in inducing cryptopatches and ILFs. Furthermore, the requirement for LTi-like ILCs in the formation of cryptopatches and ILFs but not that of Peyer's patches emphasizes the heterogeneity of inducer cells and signaling pathways involved in the organogenesis of distinct gut-associated lymphoid tissues 41, 49 .
tion of cryptopatches and ILFs is complete after the first few weeks after birth, Peyer's patches develop prenatally, which suggests not only a temporal or environmental separation of these two processes but perhaps also heterogeneity in the cell types responsible for their organogenesis. Thus, our study has confirmed the difference between cryptopatches and ILFs versus Peyer's patches in terms of organogenesis, originally suggested by analysis of mice lacking key molecules for lymphoid development 41 .
Deficiency in AHR selectively affected intestinal lymphoid tissues that develop during the first few weeks after birth, which indicated that AHR ligands become available in the postnatal environment. Although AHR ligands in the postnatal environment could be derived from the products of intestinal microbiota as the intestine becomes colonized after birth, we found that ILC22 cells were intact in germfree mice. That result was consistent with a published study reporting the presence of NKp46 + ILCs in germ-free mice 36 . Our data also suggested it is unlikely that the AHR ligands that drive ILC22 cells are natural ligands in the diet such as those required for maintenance of intraepithelial gd T cells 25 . Given that finding, it will be important to establish the relative effects of endogenous ligands, such as the tryptophan catabolite kynurenine 26 , versus those of nutrients, supplements and additives/preservatives, in the postnatal activation of AHR.
AHR induces the expression of IL-1R and Notch 21, 22, 37 . We found that defective or exaggerated IL-1 signaling had no effect on intestinal ILCs. In contrast, blockade of Notch signaling in mice with selective absence of RBP-J k expression in the hematopoietic compartment led to a considerable defect in ILCs. This result established Notch signaling as a crucial pathway downstream of AHR in the generation of ILCs. Notably, whereas AHR deficiency impaired two subsets of ILCs (CD4 + LTi-like and NKp46 + ILCs), mice with a defect in Notch signaling had 'preferential' impairment in the differentiation of NKp46 + ILCs and thus were not a full phenocopy of Ahr -/-mice. It is possible that additional signals downstream of AHR partially compensated for the lack of Notch signaling in LTi-like ILCs. Although cryptopatches and ILFs were absent from Ahr -/-mice, these structures 
